The paper presents the method of design and strength analysis of the ange-gasketed-bolted joint. In the rst part, analytical calculations were carried out. Their purpose was to determine the assembly torque of nuts to achieve the desired tightness. The anged joint designated as DN100 PN40 with two di erent gaskets was taken into consideration. The analytical calculations were performed in accordance with the algorithm included in PN EN 1591-1. In the further step, the numerical calculations were carried out to support the analytical results. The outcome of these calculations were maps of the contact stress distribution on the gasket surface, estimation of safety factors of individual joint elements as well as determination of the ange rotation. Data from the numerical calculations were compared with the analytical results, which con rmed their satisfactory compliance. In the last stage, the experimental tests of the joint were carried out. The main results of the test were the measured values of the leakage level, tightening force of the bolt and estimated safety factors. An indirect result of the experimental measurements were maps of the stress distribution on the contact surface of the gasket, which were determined by means of the measuring lm. Ultimately, based on the experimental results, it was found that the proposed analytical method of calculation and simulation of the joint by means of the nite element method was a very good tool for the design of the joint at the required tightness level.
Introduction
A ange-bolted joint is one of the basic nodes of the pipeline system enabling connection of singular segments of pipes into more complex sections or joining measuring and processing devices and machines, such as owmeters, pumps, fans and pressure vessels. It is estimated that in a medium-sized re nery there are approximately 100,000 such connections. Due to the fact that it is a demountable joint, it is a point where leakage is inevitable. This leakage should be determined at the design stage [1] and, if possible, strictly controlled during the assembly and operating condition of the pipeline systems [2, 3] . Most of the pipeline installations transport substances, which due to uncontrolled leakage can contribute to major disasters [4, 5] . Depending on the type of transported medium it may cause a hazard of re, environmental contamination, thus it entails exposure to a loss of health and life of people or animals [6] .
A design of such connections mainly depends on the selection of a proper gasket/seal and its appropriate assemble by adequate loading. The basic design data are: the nominal diameter of the pipeline, temperature, pressure and the type of transported medium. Additional data are external loads, their alterations in time, required tightness and durability of the joint. Over the decades, many computational algorithms have been developed to support the design of the ange-bolted joint in respect to the desired tightness. In most cases, the procedures refer to the design of a ange-bolted joint with a circular gasket, and the results of the calculation were mainly in the form of the tightening force of the bolt or torque at which the nuts should be tightened to ensure proper tightness [7] . The calculation codes [8] , [9] were based on a one-dimensional joint model in which the gasket, bolts and anges are not deformed. The most precise approach to the design of such connections is in the algorithm according to [1] . The computational model considers, among others, interactions of the ange-gasket-bolt, their elastic-plastic behavior as well as a creep and relaxation of the gasket subjected to elevated temperature. Additionally, the external loads in the form of forces and bending moments, thermal expansion of the components as well as friction conditions on the mating surfaces are taken into account. The algorithm considers two basic load states: I-0 -in service state (assembly condition), I-1 -operating state (impact of the internal pressure and temperature as well as external load acting on the joint).
Necessary design data, in the form of the material properties of the gasket, were obtained from the experimental tests in accordance with [10] . These tests were carried out on a special device (see Fig. 1 ) simulating a load of the gasket in a given temperature and pressure of the sealed medium (usually helium). The direct results of the tests are the deformation characteristics or tightness characteristics of the gaskets. Based on such data, calculation coe cients were determined. These coe cients, among others, were: elastic modulus, coe cient of friction, allowable contact stress, minimum contact stresses providing adequate tightness. In a properly designed joint (besides achieving desired tightness), an important aspect is to maintain the stress in particular joint elements under a permissible value. A safe condition is distinguished by means of a safety factor, which indirectly describes the state of load of a particular joint element. In general, this safety factor determines the ratio of the current value of force or stress in a given element over the value of the limit force or permissible stress. To ful ll a failure-free operation the inequalities (1) for all the abovementioned load states I-0, I-1 had to be met.
Where: F A , F Lim -the actual force applied to the elements and limit force causes failure of the elements respectively, f A , f Lim -the actual stress in elements and limit stress (equals permissible stress) respectively. A certain complement to the analytical calculations and their veri cation may be collaterally conducted using numerical calculations, based on the nite element method (FEM). The analysis of such issues has been presented, among others, in [11] [12] [13] [14] [15] [16] [17] . The geometric model can be constructed, on the basis of a 2D (axi-symmetricity) or 3-D [18] analysis of the whole or part of the joint. The main advantages of numerical calculations are primarily:
• determination of the contact stress on the surface of the gasket, • determination of the maximum equivalent stress of the anges, bolts and gasket, • determination of the in uence of thermal and external loads on the joint deformation level.
The data in the form of the material properties of the gasket and assembly loads, necessary to prepare a computational model, were obtained by means of the above-mentioned analytical calculations and experimental tests.
Aim and scope of the work
The purpose of the work was to design a ange-bolted joint with a gasket for two strictly de ned tightness classes. In the project, as basic tools, the analytical calculations (according to the procedure described in [1] ) and the nite element method were used. The analytical calculations were mainly used to determine the in service bolt tension and estimate the safety factors of the bolt, ange and the gasket. In the last stage, experimental tests were carried out to determine the actual level of tightness and verify the analytical and numerical calculations.
Design data
The key data were the characteristic dimensions of the PN40 DN100 ange-bolted joint (see Fig. ? ?) and the values listed in Table 1 . As a gasket material, two types of 2 mm thick brouselastomer material were selected. The material marked as FG_1 was a composite made from a mixture of aramid and mineral bers and NBR rubber as a binder. In addition, the material was internally reinforced with a perforated mesh Both materials were characterized with high resistance to liquid and gas fuel and a wide range of load application from vacuum pressure to 100 bar, and temperature from − to 250 • C. Two tightness classes were assumed in the calculations: L1.0 and L.0.1, which corresponded to leakage levels: 1.0 mg/s·m and 0.1 mg/s·m related to the mean gasket perimeter. The coe cients of the gasket material necessary for the calculations process were obtained by the experimental tests [10] , whose main results were characteristics describing the leakage and deformation level as a function of the contact stress. These characteristics were shown in Figures from 3 to 6. The operating temperature of the design was 20
• C and the pressure was 40 bar (4 MPa).
Analytical calculations
The purpose of analytical calculations was to determine the value of tightening torque of the nut in service state resulting from the force ensuring the proper joint tightness. Indirect results were, the estimation of the safety factors of the ange, bolt and gasket, as well as determination of the ange rotation angle. The basic formulas from the computational algorithm [1] were presented from (2) to (8) .
Bolt force in service state:
Where F G is the gasket force which is found in the iterative calculation and F R is an external load. Bolt force in operating state: Where: F Q -is a hydrostatic force resulting from uid pressure. Each parameter indexed as 1 means in service state, whereas parameters indexed as 0 means in operating state. Bolt load ratio (safety factor): Gasket load ratio:
Flange load ratio:
Where: W F -characteristic cross-section modulus of the ange [N·m] and h G , h H , h P -lever of the arms where particular forces are applied on characteristic points of the ange joint. The calculation by means of a formula (6) is very complex, since it includes many parameters depending on the ange dimensions. In a simpli ed form the parameter ΦF is a ratio between the actual stress of the ange to the allowable stress of the ange material.
Flange rotation is calculated as follows:
In service torque:
Where k B is a bolt coe cient consisting of a characteristic dimension of the bolt as well as friction coe cient of the thread.
Selected results of the analytical calculations for both load states I-0 and I-1 were presented in Tables from 2 to 3. Considering the data in tables, it can be concluded that for two load states the values of the safety factors were less than 1, which means that the construction meets the key criterion (1) . The most loaded element of the joint in both load conditions was the bolt, while the least loaded was the ange. The required maximum tightening torque was 221 Nm and was calculated for the joint gasketed with material GF_1. It was a value ensuring the design tightness of 0.1 mg /s·m. The conclusion from the calculations was that the FG_1 material required a higher contact stress to obtain the same tightness level as the FG_2 gasket. 
Numerical calculations
The main aim of the numerical calculations was to determine the local equivalent stress of particular elements of the joint as well as to determine the contact stress on the gasket surface.
. Computational model
The numerical calculation were conducted in ANSYS 15.0 software using structural analysis. The geometric model of the joint and the boundary conditions were presented in Figure 8 . On the lateral walls of 1/8th of ange bolted joint the frictionless supports were applied to get periodic model. To the bolt the pretension load was applied in order to simulate the bolt's force in service state. The internal surface of the joint was loaded by pressure to simulate the operational conditions. The calculations were carried out in two load steps; the rst corresponded to the in-service state (I-0), the second one to the operating state resulting from the pressure of 40 bar. As the in-service load of the bolt, the values obtained from the analytical calculation corresponding to the design tightness class were applied (see the F B values included in Tables 2 and 3 ). On the mating surfaces the contact elements were activated as well as a friction coe cient 0.4 was set. Flanges, bolt, washer and a nut were mapped with an isotropic model of a steel material with Young's modulus E = 206000 MPa and Poison ratio v = 0.3. The properties of the gasket as a numerical model were inserted to the computer program in the form of deformation characteristics, shown in Figures 5 and ?? . Discretization of the model was carried out with hexahedra and wedge elements (see Fig. 9 ) with quadratic shape function. The contacts between particular items was modeled as a frictional. The friction coe cient between metallic part was 0.15 whereas the contact region between gasket and metal was 0.3. In the middle part of the gasket and ange rebate, measuring paths were introduced (see Fig. 10 ). After postprocessing the radial distribution of the contact stress on the gasket and the displacement of the ange were determined along these paths. 
. Numerical results
Based on the numerical calculation the following results were analyzed:
• distribution of the contact stress on the gasket surface,
• maximum equivalent stress in individual elements of the joint, • increment of the bolts load resulting from the operating condition I-1, • ange deformation (rotation angle of the ange in an axial plane of the joint).
. . The distribution of the gasket contact stress
Figures 11 and 12 present the maps of the contact stress distribution on the surface of the gasket in the operating state I-1. The unevenness of the contact stress along the radius of the gasket is caused by the deformation of the ange. In the load corresponding to tightness L1.0 in both joints, the contact stress di erence from point 1 to point 2 was approximately 10 MPa. In case of the load corresponding to tightness L0.1, the pressure di erence was about 12 MPa for the joint gasketed with material FG_, whereas in the joint gasketed with FG_1 the di erence was 20 MPa. A more accurate plot of the contact stress variation along the radial path of the gasket was shown in Figure 13 .
On the chart, the radial contact stress of the joint gasketed with FG_1 and FG_2 materials in the operating state I-1 and load corresponding to the class L0.1 were compared. While analyzing these data it can be noted that the joint gasketed with FG_1 is characterized by a greater nonuniformity of the radial contact stress than the joint gasketed with material FG_2 (compare the slope of the contact stress of both curves presented in Fig. 13 ). The dashed lines in the diagrams correspond to the in-service state (I-0) and the continuous lines to the operating state (I-1). The pressure di erence in I-0 and I-1 states resulted from the partial unloading of the gasket due to the hydrostatic pressure acting on the blinded ends of anges. In both cases of joint con gurations, regardless of the tightness level, the di erences of the contact stress between states I-0 and I-1 were the same and amounted to about 5 MPa. Fig. 16 presents examples of equivalent stress distribution in the root of the bolt and the most stressed fragment of the ange.
. . Maximum stress
The maximum local stress of the joint in particular load states were referred to the permissible design stress, as a result the safety ratios were calculated in line with the formula (1). The results of the calculations were presented in tables 4 and 5. All calculated values of the safety factors Studying the chart, data shows that, according to the numerical calculations the ange was the most loaded element ΦF = 0.8. However, as per the analytical calculations the most loaded element is the bolt ΦB = 0.68. Furthermore, considering the analytical calculations the safety factor of the gasket is below ΦG = 0.1, and as per the numerical calculations, the value is above ΦG = 0.25. Nevertheless, regardless of the method of calculations, all safety factors (according to the formula (1)) meet the basic requirement. The largest di erences between the numerical and analytical data were obtained for the rotation angle of the ange. The values of this parameter, according to analytical calculations, were four times higher than the results obtained by the numerical calculations. 
Experimental tests
Veri cations of the analytical and numerical results were performed by means of the experimental tests. The main goal was to con rm the assumed (design) tightness as well as to verify the forces obtained from the calculations, tightening torques of the nuts and estimated safety factors of the bolt and gasket.
. Test rig Fig. 18 presents a test rig whose main part was the angebolted joint with dimensions corresponding to Table 1 . Additional equipment of the test rig was: ampli er associated with a system of strain gauges xed to each of the eight bolts M 24, a helium detector together with a vacuum pump, a helium reservoir with a pressure of 200 bar. Due to the fact that each bolt was equipped with a strain gauge system it was possible to determine their exact tension under a given load caused by a torque wrench.
. Test procedure
Before mounting the upper ange (in order to determine the contact stress), two fragments of a FUJI measuring lm with a range of 10-50 MPa (medium stress) and a range of 50 to 130 MPa (high stress) were placed on the gasket surface (see Fig. 18c ). Then, after placing the upper ange, the bolts were installed in the holes of anges and pre-tighten the nuts. The test procedure was carried out in two main steps. In the rst step (corresponding to state I-0), the joint was loaded by tightening the nuts with a torque wrench in accordance with the values included in Tables 2 and 3 (see values of M B for two gaskets). Next, the values of the strain gauges of each bolt were recorded. In the second step (corresponding to state I-1), the joint was loaded with 40 bar helium pressure. As a result the joint was pressurized, the values of the bolt tension were read again and the level of helium leakage was measured. After completing the measurements, the joint was decompressed, the nuts unscrewed and the upper ange removed. An indirect step in the measurements was to determine the contact stress on the gasket surface. As mentioned above, the measurement was performed by means of the FUJI measuring lm. The principle of its work is based on the fact that under the contact stress the lm was colored in pink. If the contact stress was greater, the color of the lm was more intensive. To obtain the value of the contact stress the intensity of the lm was evaluated on the basis of the reference scale. 
. Test results
The Tables 6 and 7 present the forces of the bolts in individual load conditions, the average contact stress and the measured values of the leakage. The most important value obtained from The experimental test was the value of helium leakage. In case of a joint load corresponding to the design tightness L0.1 the real (measured) values of the leakage were in an acceptable order for both con gurations of the joint. It means that analytically calculated values of torque M B were correct The greatest discrepancy of the real leakage, in respect to the design value, was measured in case of the joint load corresponding to the design tightness L0.1. Nonetheless, the measured tightness was higher than the design values. It means that the calculated torque in this case was slightly excessive. The increment in the force of bolts due to helium pressure acting on the blinded ends of the anges (in both joint con gurations) approximately equals 1 kN. These values are consistent with the load increment resulting from the numerical calculations. The average gasket contact stress in I-0 state was calculated according to the formula (9), whereas in I-1 state according to the formula (10) .
On the basis of the average force in the bolt and the values of the average contact stress of the gasket, the safety factors were calculated. In Fig. 19 the values of safety factors were listed in the form of a bar chart. The analysis of these data shows that the bolt was a more loaded element.
In state I-0 the safety factor of the bolt was ΦB = 0.37 for the joint gasketed with FG_1, while in the joint gasketed with FG_2 the value was ΦB = 0.31. In case of the gasket load these values were ΦG = 0.26 and ΦG = 0.23, respectively. Fig. 20 presents an example of the contact stress distribution obtained with the FUJI measuring lm.
Using the FUJI lm color palette the contact stress was estimated at three characteristic points of the gasket, 
Summary of the test and calculations
The results obtained by experimental tests con rm that the proposed method of the analytical calculations allows to achieve the assumed level of the joint tightness with sucient accuracy.
The calculated values of torque in a satisfactory way provide a proper bolt tension (compare F B data calculated analytically and determined experimentally). Moreover, these values provide the assumed degree of the joint tightness. In addition, it was found that the joint is optimally loaded as proved by the calculated and veri ed values of the safety factors. (1) . Another aspect worthy comparison is the numerically calculated and experimentally determined distribution of the contact stress. The comparison of both results was presented in Fig. 22 . For a better comparison of both results, the map was presented in a gray scale. It can be seen that the range of values in both cases is counted together. In case of the numerical result, the contact stress ranged from 27 to 32 MPa, whereas from the map of the FUJI lm the range was from 28 to 35 MPa. The only contradiction between the contact stress determined by the FUJI lm and numerically obtained is the fact that in case of the FUJI lm the contact stress on the outer diameter reduces which does not comply with the numerical results.
